We report a large series of 173 patients with physical and/or neurological abnormalities and a de novo imbalance identified by array CGH. Breakpoint intervals were screened for the presence of low copy repeats (LCRs) to distinguish between rearrangements formed by non-allelic homologous recombination (NAHR) and rearrangements formed by other mechanisms. We identified significant differences in size and parental origin between the LCR-mediated and non-LCR groups. Non-LCR imbalances were evenly distributed among the four size intervals we defined, whereas LCR-mediated rearrangements had a narrow size distribution, predominantly between 1 and 5 Mb (P¼0.001). Among the LCR-mediated rearrangements there were equal numbers of maternally and paternally derived cases. In contrast, for the non-LCR rearrangements there was a significant excess of paternal cases (P¼0.024) over a wide size range including below 1 Mb. Our results provide novel evidence that unbalanced chromosome rearrangements are not only more frequent in males, but may also arise through different mechanisms than those seen in females. Although the paternal imbalances identified in our study are evenly distributed throughout the four size groups, there are very few maternal imbalances either o1 Mb or 410 Mb. Furthermore, a lower proportion of paternal imbalances are LCR mediated (13/71) compared with the maternal imbalances (12/30). We hypothesise that imbalances of maternal origin arise predominantly through NAHR during meiosis, while the majority of imbalances of paternal origin arise through male-specific mechanisms other than NAHR. Our data suggest that mitotic mechanisms could be important for the formation of chromosome imbalances; however, we found no association with increased paternal age.
INTRODUCTION
Unbalanced de novo chromosome abnormalities are relatively common in humans and are associated with a wide variety of congenital malformations. Before the introduction of array CGH, two groups of structural chromosome imbalances were amenable to study: (1) recurrent imbalances identified by fluorescent in-situ hybridisation (FISH) which share a common size with clustered breakpoints; (2) non-recurrent imbalances visible by light microscopy which are distributed throughout the genome, and have different sizes and distinct breakpoint combinations. Although there is some overlap, the two groups of structural abnormality display clear differences in how and when they arise.
With a few exceptions, such as duplications causing type 1A Charcot-Marie-Tooth disease, 1 the common microdeletion and microduplication syndromes (eg, DiGeorge syndrome, DGS and Williams-Beuren syndrome, WBS) have approximately equal numbers of maternal and paternal cases. 2, 3 In contrast, among cytogenetically visible non-recurrent de novo imbalances, there is a clear paternal bias and in a study of 115 such abnormalities we showed that the overall proportion of paternally derived cases was 72%. 4 For recurrent rearrangements, the predominant mechanism is nonallelic homologous recombination (NAHR) mediated by low copy repeats (LCRs, also called segmental duplications or SDs). 5 NAHR is a reciprocal process resulting in the gain or loss of the genomic region flanked by the LCRs and is responsible for a large number of genomic disorders including DGS and WBS. NAHR may involve both chromosome homologues (interchromosomal) or separate chromatids of only a single chromosome (intrachromosomal). An interchromosomal origin is likely to indicate a meiotic event while an intrachromosomal origin may be either meiotic or mitotic. 2, 3, 5 Recurrent microdeletions and microduplications are mainly interchromosomal and are assumed to arise at meiosis. 2, 3 Although more frequent, the formation of non-recurrent rearrangements is less well understood. Among cytogenetically visible deletions and duplications, there appear to be approximately equal numbers of interchromosomal and intrachromsomal abnormalities, 4 although only relatively small numbers have been investigated. Until recently, it was assumed that most non-recurrent imbalances arise through non-homologous end joining, a process that joins double-stranded breaks in the absence of extensive sequence homology. 5 However, alternative mechanisms have now been proposed such as fork stalling and template switching (FoSTes) 6 and microhomology-mediated breakpoint-induced replication (MMBIR); 7 these are mitotic mechanisms based on stalling of the replication fork during DNA replication.
The introduction of array CGH has enabled very small, previously unrecognised imbalances to be investigated. Array CGH can define precisely the size of an imbalance allowing the presence of LCRs at the breakpoints to be investigated. This makes it possible to distinguish rearrangements formed by NAHR from rearrangements formed by the other mechanisms. We report a large series of patients referred because of physical and/or neurological abnormalities, who were found to have a de novo imbalance by array CGH. We compare those abnormalities attributable to NAHR with those that arose by other mechanisms in terms of size and parental origin, and looked for differences in the origin of maternally and paternally derived imbalances.
METHODS

Study population
The study population comprised a total of 173 patients referred to our diagnostic laboratory between 2008 and 2010 for array CGH testing who carried a de novo unbalanced structural chromosome abnormality. Just over half of the study population was originally ascertained through conventional cytogenetic analysis; array CGH was then carried out to confirm the cytogenetic abnormality and/or to define its extent and gene content. For the remaining cases, the structural abnormality was identified directly by array CGH: they either had an apparently normal karyotype and the array identified a cryptic imbalance or they were analysed by array CGH without prior cytogenetic testing.
All patients for whom array CGH was requested were eligible for the study, except for rearrangements involving the X and Y chromosomes and wellestablished neutral CNVs which were excluded. Patients referred exclusively for a specific microdeletion/duplication syndrome (eg, DGS, WBS, Prader-Willi syndrome and Angelman syndrome) were also excluded, as they were not tested by array CGH.
The 173 patients were classed into three groups according to the number and nature of their structural abnormalities: (single) 150 patients with a single de novo imbalance, consisting of 121 deletions (105 interstitial and 16 terminal) and 29 duplications (28 interstitial and 1 terminal); (multiple) six patients with two or more imbalances that were assumed to be independent; (complex) 17 patients with multiple imbalances that were assumed to have been formed from the same rearrangement event. Multiple imbalances were assumed to be independent if at least one was interstitial and they occurred on different chromosomes, or on the same chromosome but were not contiguous. Complex imbalances were assumed to be formed by a single event if they were contiguous or were shown by FISH to be two terminal imbalances likely to represent an unbalanced translocation.
Laboratory methods
All probands were tested by array CGH using either the Agilent/NGRL Wessex Array or 8X60K Oxford Genetics Technology ISCA array (http://www.ngrl. org.uk/Wessex/downloads/pdf/nGRLW_aCGH_1 [1] .0.pdf).
Parental origin was determined by amplifying polymorphic microsatellite repeats from each unbalanced chromosome segment selected from the UCSC genome database. Of the 173 patients, we were able to determine the parental origin of the de novo imbalances for 124. Results could not be obtained for 49 patients. For 27 patients insufficient DNA was available, for example, where follow-up parental testing was carried out only by FISH or cytogenetics. For the remaining 22 patients we were unable to indentify informative microsatellite markers within the deleted interval.
For duplications the microsatellite results were also used to determine whether the rearrangement had arisen through an interchromosomal or intrachromosomal event.
Identification of LCRs
For every imbalance, the UCSC database was also used to look for the presence of LCRs in the breakpoint intervals mapped by array CGH. The breakpoint interval was defined by the maximum and minimum size of the imbalance, and varied in size from 5 to 250 kb according to the array platform used and the density of probes in that genomic region. The origin of an imbalance was assumed to have been mediated by NAHR if paralogous LCRs spanned all or a large proportion of both the breakpoint intervals, while an imbalance was assumed to have arisen by a mechanism other than the NAHR if LCRs were absent from the breakpoint intervals. The orientation of the LCR was not taken into consideration. For three simple imbalances and two multiple imbalances, an LCR was present at only one breakpoint interval and these were also assumed to have arisen by a mechanism other than the NAHR.
Statistical methods
For clarity in the tables, imbalances are grouped by size into four classes: o1 Mb, between 1 and 5 Mb, between 5 and 10 Mb and greater than 10 Mb.
The w 2 -test and Fisher's exact test were used to examine the association of parental origin and the presence or absence of LCRs at both the breakpoints. The Kolmogorov-Smirnov test for equality of distributions was used to examine the size distribution of cases according to parental origin and the presence or absence of LCRs at both the breakpoints.
Parental age analysis was carried out using the method described in Thomas et al. 8 Logistic regression was used to compare parental ages from this study with data on paternal and maternal ages obtained from the UK Office for National Statistics for all jointly registered births. Cases of paternal origin were adjusted for both date of birth and maternal age, by selecting the national distribution of paternal ages for each patient's year of birth and their mother's age.
RESULTS
Single imbalances
The 150 single imbalances (121 deletions and 29 duplications) were divided into 36 cases with LCRs at both breakpoints and 114 non-LCR cases. Figure 1 shows the sizes of each imbalance according to the presence or absence of LCRs. Deletions and duplications displayed a very similar size distribution pattern and, as there are many more deletions than duplications, they have been grouped together for subsequent analysis.
LCR-mediated single imbalances
Analysis of the 36 LCR-mediated cases showed that the vast majority either corresponded to, or overlapped with, known microdeletion/ duplication syndromes (Supplementary Table 1 ). The only exceptions are two deletions of chromosome 7p22.1, which share a common distal breakpoint but have a different proximal breakpoint; we could find no microdeletion syndrome reported for this cytogenetic band. Many of the microdeletion/duplications identified in this study have only recently been reported in the literature. However, there were also five patients with a classic 22q11.21 deletion (DGV) and one patient with a WS deletion on chromosome 7.
The mean size of the LCR-mediated imbalances was 2.15 Mb: 7 (19%) were smaller than 1 Mb; 26 (72%) were between 1 and 5 Mb in size; three (8%) were between 5 and 10 Mb and none were larger than 10 Mb in size ( Figure 1 and Table 1 ). Parental origin was determined for 25 imbalances, of which 13 were paternal and 12 maternal in origin. The size distribution was similar for imbalances of both maternal and paternal origin ( Figure 2 and Table 1 ).
Non-LCR-mediated single imbalances
The 114 non-LCR single imbalances were, on average, larger than rearrangements mediated by LCRs, with a mean of 5.61 Mb, and were more evenly distributed among the four size groups (Figure 1  and Supplementary Table 2 ). In all, 30 (27%) were less than 1 Mb, 38 (33%) were between 1 and 5 Mb, 25 (22%) were between 5 and 10 Mb and 21 (18%) were above 10 Mb in size. (Figure 1 and Table 1 ). There was evidence that the size distribution of the LCR and non-LCR-mediated rearrangements differed (P¼0.001 KolmogorovSmirnov test for equality of distribution functions).
Parental origin was determined for 76 of the non-LCR imbalances ( Figure 2 ). There was a significant excess of paternally derived cases, with 58 being paternal and only 18 maternal in origin (P¼0.024 Fisher's exact test), and this was evident in all the four size categories ( Figure 2 and Table 1 ). There was evidence that the size distribution differed between maternally and paternally derived cases (P¼0.03 Kolmogorov-Smirnov test for equality of distribution functions).
Multiple imbalances
Six patients had multiple imbalances that were assumed to have arisen from independent events ( Table 2) . In three patients all imbalances were derived from the same parent, maternal in two cases and paternal in one, while one imbalance was derived from each parent in the remaining three patients. In total, there were eight maternal imbalances and five paternal imbalances. A slightly higher proportion of the multiple imbalances was mediated by LCRs (31%) compared with the simple imbalances (23%).
Complex imbalances
The imbalances identified in the 17 cases were believed to have been formed from the same rearrangement and consistent with this assumption, the parental origin was the same for both the imbalances in all patients. The majority of patients (71%) had imbalances of paternal origin, a similar proportion to the single non-LCR-mediated rearrangements (Table 3) .
Chromosomal origin
Chromosomal origin was determined for 6 single LCR-mediated duplications, 11 single non-LCR duplications and 6 multiple duplications (Table 4) . Eight of the duplications had an interchromosomal origin and 15 had an intrachromosomal origin. The 12 cases of maternal origin were equally split between interchromosomal and intrachromosomal, while 9 of the 11 paternal cases were intrachromosomal. The majority of the LCR-mediated duplications were interchromosomal (6/8) while the majority of the non-LCR cases were intrachromsomal (13/15).
Parental age
We looked for an association between parental age and the formation of imbalances categorised by class of rearrangement, presence of LCRs, size and parental origin. Because of their small numbers, the multiple and complex imbalance groups were combined. None of the analyses of paternal imbalances reached statistical significance. Three analyses of maternal imbalances were significant for increased maternal age: simple deletions and duplication including both the LCR mediated and non-LCR (n¼30, P¼0.026, OR 2.20); simple deletions including LCR mediated and non-LCR (n¼23, P¼0.037, OR 2.36); and simple deletions and duplications mediated by LCRs (n¼11, P¼0.010, OR 4.00). When simple duplications were excluded, the analysis was no longer significant (n¼7, P¼0.111, OR 2.65).
Using the same statistical approach, we have also re-analysed the parental age data of all categories of structural abnormalities from our two papers published in 2006: 122 patients with a de novo microdeletion 3 and 115 patients with a non-recurrent cytogenetic rearrangement. 4 This analysis showed no significant effect of increased parental age in any of the classes of abnormality (Morris, Thomas and Jacobs, unpublished data).
DISCUSSION
Many factors contribute to the formation of de novo structural rearrangements and the importance of some of these factors has Abbreviations: Mat, maternal origin; Pat, paternal origin; ND, result could not be determined.
The origin of imbalances detected by array CGH C Sibbons et al been determined experimentally. The formation of recurrent microdeletion/duplication syndromes is mediated by NAHR between LCRs, predominantly during meiosis. 5 At most loci studied in detail, the number of maternally and paternally derived cases is approximately equal. 2, 3 Array CGH has defined many new microdeletion syndromes, and although these generally involve relatively small numbers of cases with little or no information on parental origin, the data presented in this paper suggest that these are also equally likely to be paternal or maternal in origin.
In contrast, the formation of non-recurrent chromosome imbalances appears to be much more heterogeneous. Our study of 115 cytogenetically visible cases identified a clear excess of paternal cases and, although the effect was genome wide, the proportion of paternal cases varied between genomic regions and among different classes of structural rearrangement. 4 In all, 5 of 10 deletions and 6/11 duplications had an interchromosomal origin. Therefore at least a proportion arose during meiosis, although this study could not differentiate between LCR and non-LCR-mediated imbalances. Array CGH has greatly increased the number of non-recurrent rearrangements identified, and in particular small imbalances; however, very few studies have investigated parental origin.
We present a large study of de novo chromosome imbalances characterised by array CGH. Approximately 50% of the rearrangements were visible cytogenetically. Therefore, our study included imbalances with a very wide size range and our population overlaps with studies of both visible rearrangements, (eg, Thomas et al 4 ) , and more recent studies carried out using array CGH (eg, Itsara et al 9 ). However, our study differs from nearly all those carried out using array CGH because our patient cohort comprised diagnostic referrals, The origin of imbalances detected by array CGH C Sibbons et al and in the great majority of cases the de novo imbalance identified was considered to be the cause of their abnormal phenotype. The array coordinates defined breakpoint intervals of between 5 and 250 kb for each imbalance, and we investigated these intervals for the presence of LCRs. In all, 36 of the single imbalances had LCRs at both the breakpoints, of which 34 involved regions with known microdeletion syndromes, while 114 were not mediated by LCRs. We restricted our analysis to LCRs because, although many other repetitive sequences such as LINEs and Alus can mediate NAHR events, 5, 10 these sequences are much smaller and more widely distributed than LCRs and would be present by chance in most regions of the genome. As the minimum length of sequence homology required for NAHR in humans is thought to be only 200 bp, 11 a proportion of the non-LCR rearrangements could also have been formed through NAHR. However, it should be noted that some mutation events mediated by short repetitive sequences, such as Alus, could also be considered as microhomology-mediated replication errors rather than as NAHR. 12, 13 The LCR-mediated rearrangements had a narrow size distribution with 72% between 1 and 5 Mb and none larger than 10 Mb in size. In a study of de novo CNV rates, Itsara et al, 9 also observed that LCRmediated imbalances were rare among small imbalances but constituted the majority of imbalances above 1 Mb. For efficient NAHR to occur there may be a correlation between the LCR size and the distance separating them, 2, 14 and this may explain the size constraint on LCR-mediated imbalances observed in this study. In silico analysis has defined potential recombination hotspots throughout the genome with LCRs between 50 and 10 Mb apart. 15 Our data suggest that in vivo the majority of LCR-mediated rearrangements will be between 1 and 5 Mb, although our study would not have picked up very small imbalances below the level of resolution of the array platforms used.
There were equal numbers of maternally and paternally derived LCR-mediated imbalances and their size appeared to be independent of parental origin. In contrast, there was a strong paternal bias (76%) for non-LCR-mediated imbalances. This was most pronounced below 1 Mb and above 10 Mb, because while paternal imbalances were evenly distributed across the four size categories, maternal imbalances were mainly confined to the 1-5 Mb and 5-10 Mb classes. Therefore, the LCR-mediated and non-LCR groups have very different characteristics in terms of both size and parental origin. Interestingly, the size distribution of the LCR-mediated imbalances was very similar to that of the maternal non-LCR-mediated imbalances.
This study has confirmed the paternal bias among large de novo imbalances previously identified for cytogenetically visible rearrangements. 4 For the first time, we now show that this paternal bias operates across all sizes of imbalance including those below 1 Mb. An excess of paternal cases has been reported by most, but not all, studies of de novo non-recurrent rearrangements. The most pronounced paternal bias was reported for reciprocal translocations that arise almost exclusively in the male germ line. 8 A large proportion of de novo reciprocal translocations associated with an abnormal phenotype also have a cryptic de novo deletion identifiable by array CGH, [16] [17] [18] [19] and to date all of the de novo deletions examined have been paternal in origin. 17, 18, 20 In contrast, no significant parental origin bias was reported in a study of de novo copy number variants (CNVs). 9 Of the 47 cases for which the parental origin was determined (median size 150 kb), there were 26 paternal cases and 21 maternal cases. However, looking at a breakdown of these data in Supplementary Table 16 in the Itsara paper, 9 among the LCR-mediated imbalances (referred to as SDs by Itsara) there were seven maternal cases and six paternal cases while among those cases equivalent to our non-LCR category, there was a slight paternal excess with 20 of paternal origin and 14 of maternal origin. Thus, although the size of imbalance was generally smaller compared with our study, the results of the Itsara paper show the same trend as our data, but on a smaller number of cases.
The complex imbalance group also had an excess of paternal cases, suggesting that there is a paternal bias across different classes of Full details of these duplications are given in Table 1 and Supplementary Tables 1 and 2 .
The origin of imbalances detected by array CGH C Sibbons et al structural rearrangement as well as over a wide size range. In contrast, there was no paternal excess for the multiple imbalance group, although this comprised only six patients and 13 imbalances. The proportion of LCR-mediated cases (4/13) was similar to the single imbalances, although the proportion of duplications (6/13) was higher. Thus these small data give no suggestion of a 'predisposition' to the production of multiple independent imbalances, although this would have to be confirmed in a much larger series of patients. Two lines of evidence can be used to identify rearrangements which are likely to have arisen by NAHR during meiosis: the presence of LCRs at both the breakpoints and for duplications an interchromosomal origin. Although they are not synonymous, they show good concordance in our data: 6/8 LCR-mediated rearrangements had an interchromosomal origin while only 2/15 rearrangements without LCRs were interchromosomal. The high proportion of intrachromosomal non-LCR duplications suggests that mitotic mechanisms, such as FoSTeS and MMBIR, could potentially be important in the formation of this class of structural rearrangement. Combining the 23 chromosomal origins from this study with the 21 from our 2006 study, 4 there is a slightly higher rate of interchromosomal origin for maternal cases (10/17, 59%) compared with the paternal cases (9/27, 33%).
Male gametogenesis may be particularly susceptible to the formation of chromosome rearrangements, because there are far more divisions in spermatogenesis than oogenesis. 21 Templado et al 22 found a higher rate of structural abnormalities in the sperm of older males (6.6%) compared with younger males (4.9%). We have previously shown that non-recurrent reciprocal translocations have a strong paternal bias and are associated with a significant increase in paternal age. 8 However, using the same statistical approach we found no association with increased paternal age in this study even allowing for size, class of imbalance and whether or not they were formed by the NAHR. Analysis of maternal cases was significant for the very small number of LCR-mediated duplications and we assume this result to be an artefact. Repeating the same analysis on our much larger microdeletion data set from 2006 was also not significant.
For the first time this study has identified differences in the characteristics of maternally and paternally derived imbalances. Paternal imbalances are evenly distributed throughout the four size groups; in contrast there are few very small or very large maternal imbalances. Among the maternal imbalances in this study, 40% are LCR-mediated (12/30) compared with only 18% (13/71) of the paternal imbalances. Although maternal imbalances are equally likely to have an interchromosomal or an intrachromosomal origin, paternal imbalances are predominantly intrachromosomal. Interestingly, maternal imbalances showed a size distribution pattern characteristic of imbalances formed by LCR-mediated NAHR. NAHR appears to be a common mechanism that works equally well in both male and female meiosis. We hypothesise that in females all or nearly all de novo imbalances are the result of NAHR, but that in males NAHR accounts for only a minority of paternal imbalances. Instead there are additional male-specific mechanisms, probably mitotic, which contribute to the formation of most structural chromosome imbalances in males. This hypothesis can be tested by greatly increasing the resolution of breakpoint interval mapping to look for the presence of smaller repetitive sequence elements, which could mediate NAHR.
In summary, we show that imbalances generated by NAHR have different characteristics compared with those generated by other mechanisms, and this study has also identified preliminary evidence that there are differences in the mechanisms through which maternal and paternal imbalances arise. The results of this study represent a significant increase in our understanding of how chromosome imbalances arise, and now require replication in larger series of de novo imbalances.
